Introduction {#s0001}
============

EGFR mutations occur in about 67% of NSCLC patients of East Asian and exon 19 deletion is one of the most common classical mutations.[@cit0001] NSCLC cells holding these mutations are in the nature of relying on the signal generated by EGFR to survive. Thus, drugs targeting this spot are born. The first-generation EGFR tyrosine kinase inhibitors (EGFR-TKIs), such as gefitinib and erlotinib, prevent ATP form binding to the kinase domain of EGFR in a reversible manner and consequently leading to the loss of activity, are widely used as target therapy in NSCLC harboring EGFR mutations including EGFR exon 19 deletion.[@cit0002] The application of EGFR-TKIs has provided amazing clinical responses and survival benefits for 80% of NSCLC patients carrying these mutations compared with those receiving standard chemotherapy.[@cit0003],[@cit0004] Although treatment with EGFR-TKIs target therapy improves outcomes in NSCLC patients, many patients eventually develop acquired drug resistance after 10--14 months.[@cit0005] The third-generation EGFR-TKIs, such as osimertinib and rociletinib have been proven to be effective in gefitinib-resistant patients, however progression occurs.[@cit0006]--[@cit0008] Therefore, new alternative treatment strategies for gefitinib-resistant NSCLC are needed eagerly. Responses of NSCLC to EGFR-TKIs require the induction of apoptosis upon inhibiting EGFR; thus, alternations in cell signal pathway that manipulate apoptosis can change the sensitivity to EGFR-TKIs.[@cit0009] The Bcl-2 family proteins are critical features of the intrinsic apoptotic pathway.[@cit0010] It has been reported that Bcl-2 could inhibit mitochondrial permeability transition pore (mPTP) from opening thus leading to pro-apoptotic factors cytochrome c release into the cytosol and subsequently activating caspase cascade.[@cit0011] Previous studies demonstrated that the transcription of Bcl-2 was regulated by cAMP response element binding protein (CREB) transcription factor, which is activated by two survival signal pathways, PI3K/AKT and MAPK.[@cit0012],[@cit0013] Additionally, PI3K/AKT signal pathway was also reported to suppress cell apoptosis and promote cell survival through regulating Bad phosphorylation, a protein of Bcl-2 family.[@cit0014]

JuBei oral liquid (JB) is a traditional Chinese medicine, which is widely used in clinical practice for the treatment of chronic obstructive pulmonary disease and pneumonia. Seven medicinal herbs, *Platycodon grandiflorum, Fritillaria thunbergii, Bitter apricot kernel, Ophiopogon japonicas, Scutellaria baicalensis, Eriobotrya japonica leaf* and *Glycyrrhiza Uralensis* make up JB according to the standard of quality control in the Drug Standard of Ministry of Public Health of the Peoples Republic of China. Evidence has shown that JB possessed antipyretic, antibiosis, antiviral and immunomodulatory activities. Yet, to date, direct evidence associated with the antitumor effect of JB remain absent. Previous studies demonstrated that several components of JB exerted outstanding anticancer function. *Platycodon grandiflorum* was reported to induce cell death and apoptosis in human NSCLC cells through inhibiting AKT/mTOR and MAPK signal pathways plus regulating Bcl-2 family proteins expression.[@cit0015],[@cit0016] It has been suggested that *Ophiopogon japonicus* could active autophagy in NSCLC cells so as to prevent cancer process via inhibiting PI3K/AKT/mTOR signal pathway.[@cit0017] In addition, *Scutellaria baicalensis* not only induced NSCLC cell cycle arrest and apoptosis in vitro but also enhanced the therapeutic efficacy of cisplatin in vivo.[@cit0018],[@cit0019] *Licochalcone A*, an active compound extracted from *Glycyrrhiza Uralensis* was shown to inhibit proliferation and induce apoptosis in NSCLC cells.[@cit0020] Though all of these works indicated that JB had the potential to be an antitumor agent candidate for NSCLC patients, there has been no attempt to identify this possibility.

In the present study, gefitinib-sensitive PC-9 cells harboring EGFR exon 19 deletion (E746-A750), gefitinib-resistant PC-9/GR cells with no EGFR-T790M mutation and gefitinib-resistant H1975 cells with EGFR-T790M mutation were used as models for detecting the anticancer function of JB.[@cit0021] Our work aims to investigate the effects of JB on PC-9, PC-9/GR and H1975 cells, as well as demonstrate the possible underlying molecular mechanism.

Materials and Methods {#s0002}
=====================

Materials {#s0002-s2001}
---------

JuBei oral liquid (JB, Z50020208) was purchased from Taiji Group Chongqing TongJunGe Pharmaceutical Co., Ltd. (Chongqing, China). For cell culture, JB was filtered by 0.22μm filter to remove bacteria and then stored at 4°C. Gefitinib was purchased from Aladdin Industrial Corporation (Shanghai, China). LY294002 and SCH772984 were purchased from AbMole BioScience (Houston, USA) and dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10mmol/L and stored at −20°C. The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and Penicillin-Streptomycin Solution were purchased from KeyGen (Nanjing, China). The Annexin V-FITC/PI Apoptosis Detection kit was purchased from Vazyme (Nanjing, China). DMSO, Calcein AM/PI Double Stain Kit and MitoTracker^®^ Red CMXRos were purchased from Yeasen (Shanghai, China). The ROS assay kit, DAPI staining solution, BCA Protein Assay kit and goat anti-rabbit IgG H&L (HRP) antibody were purchased from Beyotime Biotechnology (Shanghai, China). RPMI 1640 and fetal bovine serum were purchased from Biological Industries (Kibbutz Beit Haemek, Israel). Anti-Bcl-2 and goat anti-rabbit IgG H&L (FITC) antibodies were purchased from Abcam (New Territories, HK). Mitochondria Isolation Kit, anti-p-EGFR (Tyr1172), anti-EGFR, anti-p-AKT (Ser473), anti-AKT, anti-p-ERK (Thr202/Tyr204), anti-ERK, anti-cleaved-caspase3, anti-cleaved-caspase9, anti-Cytochrome C, anti-Bax, anti-Bak, anti-Bcl-xl, anti-Mcl-1 and anti-COX IV antibodies were purchased from Wanlei Bio. (Shenyang, China). Anti-GAPDH antibody was purchased from Abways Technology (Beijing, China).

Cell Culture {#s0002-s2002}
------------

Human lung adenocarcinoma PC-9 cells harboring EGFR exon 19 deletion (E746-A750), gefitinib-resistant PC-9/GR cells with no EGFR-T790M mutation and H1975 cells with EGFR-T790M mutation were provided by Dr. Zhou Caicun (Shanghai pulmonary hospital, Shanghai, China).[@cit0022] The gifted cells were approved by China Pharmaceutical University ethics committee. All cells were cultured in RPMI 1640 containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37°C in an atmosphere of 5% CO~2~.

Cell Viability Assay {#s0002-s2003}
--------------------

Cell viability was determined by the MTT assay. Briefly, cells in 96-well plates at 80% confluence were treated with indicated concentration of drugs. Then, MTT solution (5 mg/mL dissolved in RPMI 1640) was added to each well and incubated at 37°C. After 4h, the culture medium was removed, and insoluble formazan crystals were dissolved by adding 150μL DMSO. Finally, the absorbance was measured using a microplate reader at 570nm.

Drug Synergy Analysis {#s0002-s2004}
---------------------

The data from cell viability assay were analyzed by CompuSyn software (Biosoft, Cambridge, UK) to investigate the synergistic effects in vitro. The combination index (CI)-isobologram equation was described as previously. Points that fall below the line indicate synergistic relationship between the two drugs.[@cit0023]

Colony Forming Assay {#s0002-s2005}
--------------------

For the measurement of colony formation, a density of 500 cells per well were seeded on 12-well plates and cultured in RPMI 1640 medium for 24h. Next, cells were treated medium with indicated drugs at 37°C in 5% CO~2~ and allowed to proliferate for another 2 weeks. Then, the cells were washed with PBS and fixed in 4% paraformaldehyde for 15 min. Finally, the cells were stained with crystal violet solution for 20 min and photographed.

Live/Dead Cell Staining {#s0002-s2006}
-----------------------

For live/dead cell measurement, cells were stained with Calcein AM and Propidium Iodide (PI) for 15 min. Then, the cells were assessed using fluorescence microscope (Olympus IX53, Japan).

Apoptosis Assay {#s0002-s2007}
---------------

Apoptosis cells were detected by Annexin V-FITC/PI Apoptosis Detection kit. In brief, cells were treated with indicated drugs for 24 h and collected. The cells were then washed with ice-cold PBS, and 1×10^6^ cells were gathered. Next, the cells were re-suspended with 500 µL binding buffer. After Annexin V-FITC being added and mixed well, PI was added and incubated for 5--15min. Cells were analyzed by flow cytometry (Becton Dickinson FACS Calibur; Becton-Dickinson, USA).

Measurement of Intracellular ROS {#s0002-s2008}
--------------------------------

Generation of intracellular ROS was measured by flow cytometer using dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe, which can be oxidized by cellular oxidants into the highly fluorescent compound DCF. Therefore, the fluorescence intensity is equivalent to the level of peroxide generated by the cells. Cells were treated by JB for 24h, collected and washed. Then, they were re-suspended in RPMI 1640 and incubated with DCFH-DA for 30 min at 37°C in the dark. The fluorescence intensity was detected by flow cytometry.

Isolation of Mitochondrial Protein {#s0002-s2009}
----------------------------------

Cells were treated with drugs, then collected and washed using PBS. Mitochondrial fractions were gathered by a Mitochondria isolation kit according to the manufacturer's instructions.

Western Blot Assay {#s0002-s2010}
------------------

The proteins were lysed in lysis buffer containing 1% PMSF for 15min on the ice. The lysates were then clarified by centrifugation at 4°C for 10min. Protein concentrations were determined by the BCA Protein Assay kit. Then, 20μg protein was separated by 10--15% SDS-PAGE and electroblotted onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked using 5% nonfat milk in TBST for 1.5h and then incubated with primary antibodies at 4°C overnight. Next, the membranes were washed and incubated with secondary antibodies for 2h at room temperature. The final detection was performed by ECL reagents. Protein expression was quantified by densitometry using Image J software.

Immunofluorescence Assay {#s0002-s2011}
------------------------

Cells were seeded in 0.17 mm glass bottom dish, being treated with indicated drugs for a given time, and then incubated with MitoTracker^®^ Red CMXRos for 30min according to the manufacturer's instructions. Next, cells were fixed in 4% paraformaldehyde and incubated with anti-Bcl-2 antibody overnight at 4°C in the dark. After washing cells with PBS for 3 times, goat anti-rabbit IgG H&L (FITC) was added and incubated for 1h at room temperature. For staining of nuclei, the cells were exposed to DAPI for 15 min. Finally, the images were obtained by ZEISS LSM 800 with Airyscan confocal microscope for co-localization analysis.

Statistical Analysis {#s0002-s2012}
--------------------

All experiments were performed for at least 3 times and the data were shown as mean ± S.E.M. Data among groups was analyzed by one-way ANOVA, using GraphPad Prism 6.0 statistical software. P\<0.05 was considered as statistically significant.

Results {#s0003}
=======

Effects of JB on Cell Growth and Death {#s0003-s2001}
--------------------------------------

We firstly examined the inhibitory effect of JB in PC-9 cells by MTT assay. As shown in [Figure 1A](#f0001){ref-type="fig"}, exposure to increasing concentration of JB (0, 0.78, 1.56, 3.125, 6.25, 12.5 and 25mg/mL) for 24, 48 and 72h caused a dose- and time-dependent decrease in the cell viability. The half maximal inhibitory concentration (IC~50~) was 7.92±0.08, 4.45±0.26 and 2.39±0.12 mg/mL at 24, 48 and 72h, respectively. We found a similar effect in gefitinib-resistant PC-9/GR and H1975 cells. Gefitinib (Iressa, ZD1839), a first-generation oral EGFR tyrosine kinase inhibitor, blocks the growth of NSCLC cells harboring EGFR mutations and is highly effective in inducing disease remission in NSCLC patients.[@cit0024] Unfortunately, the pre-existing genetic alterations within a heterogeneous cancer cell population or the acquisition of new alterations under drug pressure ultimately lead to therapy failure.[@cit0025] JB inhibited the viability of PC-9/GR and H1975 cells in a dose- and time-dependent manner. The IC~50~ of PC-9/GR cells were 6.61±0.27, 3.95±0.25 and 2.61±0.24 mg/mL, while the IC~50~ of H1975 cells were 2.78±0.03, 1.27±0.01 and 0.77±0.01 mg/mL at 24, 48 and 72h, respectively.Figure 1JB suppresses cell growth in NSCLC cells. (**A**) PC-9, PC-9/GR and H1975 cells were treated with JB for 24, 48 or 72h at the doses indicated. Cell viability was detected by MTT assay. \*\*\*p\<0.001 compared to 24h group. \#p\<0.05 or \#\#\#p\<0.001 compared to 48h group. (**B**) Cells were treated with gefitinib for 24, 48 or 72h at the doses indicated. Cell viability was detected by MTT assay. \*\*\*p\<0.001 compared to 24h group. (**C**) Cells were treated with JB at the doses indicated. Representative images of colony forming assay were shown. (**D**) Cells were treated with JB for 24h, following by staining with Calcein AM (live) and PI (dead). The live (green)/dead (red) cells were observed via the fluorescence microscopy.

To compare the inhibitory effect of JB with gefitinib, we detected the IC~50~ of gefitinib. As shown in [Figure 1B](#f0001){ref-type="fig"}, gefitinib significantly inhibited the proliferation of PC-9 cells with low doses and the IC~50~ were 55.02±2.06, 3.33±0.41 and 2.22±0.03 nM at 24, 48 and 72h. However, PC-9/GR and H1975 cells were resistant to gefitinib with the IC~50~ on PC-9/GR cells were 51.09±4.06, 11.23±0.52 and 0.88±0.16 μM, while H1975 cells were 28.95±0.67, 7.43±0.09 and 2.37±0.18 μM at 24, 48 and 72h.

To further confirm the effect of JB, colony-forming assay was performed. Results showed that JB markedly suppressed the formation of colony in a dose-dependent manner in PC-9, PC-9/GR and H1975 cells ([Figure 1C](#f0001){ref-type="fig"}). In addition, increasing concentration of JB treatment caused increasing ratio of dead cells in PC-9, PC-9/GR and H1975 cells ([Figure 1D](#f0001){ref-type="fig"}). These results demonstrated that JB induced cell growth inhibition and cell death in NSCLC cells.

Above all, JB induced cell growth inhibition and cell death in both gefitinib-sensitive PC-9 and gefitinib-resistant PC-9/GR, H1975 cells with similar sensitivity.

JB Induced Apoptosis by Activating Mitochondrial Signal Pathway {#s0003-s2002}
---------------------------------------------------------------

Previous study demonstrated that JB promoted cell death in PC-9, PC-9/GR and H1975 cells, we endeavored to determine whether the reduction of cell number involved apoptosis. Thus, we measured the effect of JB on apoptosis. PC-9, PC-9/GR and H1975 cells were treated with JB for 24h, following by staining with fluorescent agents Annexin V and PI. Increasing apoptosis cells were detected in JB-treated groups, suggesting that JB induced cell death partially through apoptosis ([Figure 2A](#f0002){ref-type="fig"}).Figure 2JB induces apoptosis and increases ROS production. (**A**) After being treated with indicated doses JB for 24h, PC-9, PC-9/GR and H1975 cells were stained with Annexin V and PI. Apoptosis cells were detected by flow cytometer. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. (**B**) Cells were treated with JB at indicated doses for 24h. The protein level of cleaved-caspase3 and cleaved-caspase9 were detected by Western blot assay. GAPDH was used as a loading control. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. (**C**) Cells were treated with JB for 24h. ROS production was monitored using 10μM DCFH-DA and detected by flow cytometer. \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group.

The activation of a series of caspase cascade is the final pathway that causes execution of the cell apoptosis.[@cit0026] To uncover the mechanism of JB induced apoptosis, Western blot assay for caspase cascade was performed. Apoptosis occurs through two major pathways, the extrinsic pathway (or death receptor pathway) and the intrinsic pathway (or mitochondrial pathway), both of which converge to caspase3.[@cit0027] Results showed that JB treatment dose-dependently increased cleaved-caspase3 protein level in PC-9, PC-9/GR and H1975 cells ([Figure 2B](#f0002){ref-type="fig"}). Moreover, we detected the protein expression of cleaved-caspase9 and found similar results with cleaved-caspase3, suggesting that JB induced apoptosis belonged to the mitochondrial pathway. Then we further determined the level of ROS, a production generated along with mitochondrial permeabilization process.[@cit0028] Cells were exposed to raising concentration of JB for 24h. As shown in [Figure 2C](#f0002){ref-type="fig"}, the ROS level was markedly increased in JB treatment groups. Taken together, JB mediated mitochondria-mediated apoptosis in NSCLC cells, applying by increased ROS production.

JB Induced Mitochondria-Mediated Apoptosis Through Altering Mitochondrial Membrane Permeable and Inhibiting Bcl-2 Mitochondrial Translocation {#s0003-s2003}
---------------------------------------------------------------------------------------------------------------------------------------------

In response to stimuli, the integrity of mitochondria is damaged and become permeable, along with the release of cytochrome c.[@cit0029] Here, we determined cytochrome c intracellular distribution. As shown in [Figure 3A](#f0003){ref-type="fig"}, JB treatment caused the decreasing of cytochrome c protein level in mitochondrial extracts in PC-9, PC-9/GR and H1975 cells. Additionally, the results of Western blot assay also indicated that Bax was accumulated in mitochondria while Bcl-2 mitochondrial translocation was reduced by JB treatment. However, the protein level of Bcl-xl, Mcl-1 and Bak in mitochondria were not changed with significance, indicating that decrease in Bcl-2 and subsequent increase in BAX is important for JB's activity. It has been reported that Bcl-2 family proteins contributed to mitochondrial permeability transition.[@cit0030] In further immunofluorescence assay study, we directly found that mitochondria (Red) was significantly decreased in response to JB, especially in high dose group. Meanwhile, Bcl-2 mitochondrial translocation (Green) was seen to be inhibited by JB ([Figure 3B](#f0003){ref-type="fig"}). These data demonstrated that the mechanism of JB induced mitochondria-mediated apoptosis was associated with increasing mitochondrial membrane permeable and Bcl-2 mitochondrial translocation inhibition.Figure 3JB increases mitochondrial membrane permeable and inhibits Bcl-2 mitochondrial translocation. (**A**) PC-9, PC-9/GR and H1975 cells were treated with JB at indicated doses for 24h. The distribution of Bcl-2, Bcl-xl, Mcl-1, Bax, Bak and Cytochrome C in mitochondria was detected by Western blot assay. COX IV was used as a mitochondrial protein control to monitor for equal loading. \*p\<0.05 or \*\*\*p\<0.001 compared to control group. (**B**) After treatment of cells with JB for 24h, immunofluorescence assay was conducted to detect Bcl-2 mitochondrial translocation. Confocal images showed the fluorescence of mitochondria in red, Bcl-2 in green, nucleus in blue, and the merged images in the bottom.

Induction of Mitochondria-Mediated Apoptosis by JB Appeared to Be Reliant on Inactivation of PI3K/AKT and MAPK Signal Pathways {#s0003-s2004}
------------------------------------------------------------------------------------------------------------------------------

PI3K/AKT and MAPK signal pathways are two vital survival pathways downstream EGFR in tumors. The reactivation of EGFR and two pathways occurs at multiple gefitinib-resistant NSCLC patients.[@cit0031],[@cit0032] To investigate whether JB could directly suppress EGFR, AKT and ERK phosphorylation, Western blot assay was conducted. As shown in [Figure 4A](#f0004){ref-type="fig"}, JB decreased p-AKT and p-ERK protein expression in PC-9, PC-9/GR and H1975 cells in a dose-dependent manner, while the total EGFR, AKT and ERK protein level remains constant throughout the course of JB treatment. However, JB inhibited EGFR phosphorylation significantly in PC-9 and H1975 cells but slightly in PC-9/GR cells. These data suggested that the inhibition of AKT and ERK phosphorylation might be involved in JB's antitumor effects on NSCLC cells.Figure 4JB induces mitochondria-mediated apoptosis through inhibition of PI3K/AKT and MAPK signal pathways. (**A**) PC-9, PC-9/GR and H1975 cells were treated with JB at indicated doses for 24h. The expression of p-EGFR, EGFR, p-AKT, AKT, p-ERK and ERK protein were assessed by Western blot assay. GAPDH was used as a loading control. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. (**B**) Cells were treated with JB, LY294002 or SCH772984 at the doses indicated for 24h. Cell viability was detected by MTT assay. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#p\<0.05, \#\#p\<0.01 or \#\#\#p\<0.001 compared to JB group. The Fa-CI (Combination Index) Plot was generated using CompuSyn software. Points that fall below the line indicate synergistic relationship between the two drugs. (**C**) After treatment of cells with JB, LY294002 or SCH772984 at the doses indicated, cells were stained with Annexin V and PI, and apoptosis cells were detected by flow cytometer. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#\#\#p\<0.001 compared to JB group. (**D**) After treatment of cells with JB or LY294002 at the doses indicated for 24h, Western blot assay was performed to determine p-AKT, AKT, cleaved-caspase3 and cleaved-caspase9 protein expression. GAPDH was used as a loading control. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#p\<0.05, \#\#p\<0.01 or \#\#\#p\<0.001 compared to JB group. (**E**) Cells were treated with JB or SCH772984 at the doses indicated for 24h. The expression of p-ERK and ERK, cleaved-caspase3 and cleaved-caspase9 proteins was detected by Western blot assay. GAPDH was used as a loading control. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#p\<0.05, \#\#p\<0.01 or \#\#\#p\<0.001 compared to JB group.

Evidence showed that PI3K/AKT and MAPK signal pathways are associated with protection against cell apoptosis by regulating Bcl-2 family proteins.[@cit0033] To further study the role of PI3K/AKT and MAPK pathways on JB induced cell viability inhibition and apoptosis, MTT assay and apoptosis assay were performed. PC-9, PC-9/GR and H1975 cells were pretreated with LY294002 (a PI3K/AKT inhibitor) and SCH772984 (an ERK inhibitor) for 1h before treatment with JB. The results of MTT assay showed that LY294002 and SCH772984 markedly decreased cell viability, not only alone but also in the presence of JB. Additionally, both LY294002 and SCH772984 enhanced the effect of JB on cell growth. Results of the Fa-CI (Combination Index) Plot demonstrated that JB and LY294002 had synergistic effects on PC-9 (CI: 0.365--0.446), PC-9/GR (CI: 0.380--0.654), as well as H1975 (CI: 0.339--0.427) cells. Meanwhile, JB and SCH772984 also showed synergistic effects on PC-9 (CI: 0.249--0.392), PC-9/GR (CI: 0.771--0.799), as well as H1975 (CI: 0.391--0.589) cells ([Figure 4B](#f0004){ref-type="fig"}).

According to the results of apoptosis assay, we observed significant raised apoptosis cells in LY294002 and SCH772984 treatment group, similar to JB group. Furthermore, the combined treatment induced more apoptosis in PC-9, PC-9/GR and H1975 cells when compared with JB alone ([Figure 4C](#f0004){ref-type="fig"}). Then, the protein level of cleaved-caspase3 and cleaved-caspase9 was detected. As shown in [Figure 4D](#f0004){ref-type="fig"}, LY294002 enhanced the effect of JB on the protein expression of p-AKT and caspase cascade. Meanwhile, SCH772984 enhanced the effect of JB on the protein expression of p-ERK and caspase cascade ([Figure 4E](#f0004){ref-type="fig"}). These results suggested that PI3K/AKT and MAPK signal pathways were essential upstream targets for JB induced mitochondria-mediated apoptosis.

JB Synergized with Gefitinib to Induce Apoptosis {#s0003-s2005}
------------------------------------------------

Previous studies have shown that JB induced cell growth inhibition and apoptosis in both gefitinib-sensitive and gefitinib-resistant cells, we wonder whether JB could enhance gefitinib sensitivity in NSCLC cells. To test the synergistic effect, MTT assay was performed. Cells were treated with gefitinib and JB alone or in combination for 24h. As shown in [Figure 5A](#f0005){ref-type="fig"}, the combined treatment significantly inhibited the growth of PC-9, PC-9/GR and H1975 cells when compared with a single drug alone. The results of the Fa-CI Plot showed that JB and gefitinib had synergistic effects on PC-9 (CI: 0.103--0.190), PC-9/GR (CI: 0.405--0.566), and H1975 (CI: 0.677--0.886) cells.Figure 5JB synergizes with gefitinib to induce cell growth inhibition and apoptosis in NSCLC cells. (**A**) PC-9, PC-9/GR and H1975 cells were treated with JB or gefitinib at the doses indicated for 24h. Cell viability was detected by MTT assay. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#\#p\<0.01 or \#\#\#p\<0.001 compared to gefitinib group. The Fa-CI Plot was generated using CompuSyn software. (**B**) Cells were treated with JB or gefitinib at the doses indicated for 24h. Cells were then stained with Annexin V and PI. Apoptosis cells were detected by flow cytometer. \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#\#\#p\<0.001 compared to gefitinib group. (**C**) After treatment of cells with JB or gefitinib at indicated doses for 24h. The expression of p-EGFR, EGFR, p-AKT, AKT, p-ERK and ERK proteins was assessed by Western blot assay. GAPDH was used as a loading control. \*p\<0.05, \*\*p\<0.01 or \*\*\*p\<0.001 compared to control group. \#p\<0.05, \#\#p\<0.01 or \#\#\#p\<0.001 compared to gefitinib group. (**D**) Cells were treated with JB or gefitinib at the doses indicated for 24h. The distribution of Bcl-2 and Bax in mitochondria was detected by Western blot assay. COX IV was used as a mitochondrial protein control to monitor for equal loading. \*p\<0.05 or \*\*\*p\<0.001 compared to control group. \#p\<0.05, \#\#p\<0.01 or \#\#\#p\<0.001 compared to gefitinib group.

To further evaluate the synergistic effect, apoptosis assay was performed. As shown in [Figure 5B](#f0005){ref-type="fig"}, JB synergized with gefitinib to induce apoptosis in PC-9, PC-9/GR and H1975 cells. Furthermore, the combined treatment decreased the phosphorylation of EGFR, AKT, ERK and Bcl-2 protein level in mitochondria, while increased the Bax level in mitochondria ([Figure 5C](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}). Altogether, these findings provided evidence that JB not only killed NSCLC cells directly but also could enhance gefitinib sensitivity.

Discussion {#s0004}
==========

Lung cancer is a destructive disease with poor prognosis and the major cause of cancer-related deaths worldwide.[@cit0034],[@cit0035] NSCLC represents 85% histological subtype of the disease, which remains a serious health issue and heave economic burden.[@cit0036],[@cit0037] The expanding spectrum of oncogenic driver mutations identified in NSCLC, such as EGFR, coupled with the growing number of clinically available target therapeutic drugs, offers an opportunity to improve patient outcome. Although these molecular drugs bring about tremendous advances in the treatment of NSCLC, almost all patients become incurable because of drug resistance.[@cit0038] The mechanisms of resistance to gefitinib, an FDA-approved first-generation EGFR-TKI for the treatment of NSCLC with EGFR mutations, can be described as two aspects, one is the secondary mutation on EGFR and another is the activation in the downstream and parallel pathways. Upon recognizing these molecular alterations underlying the development of gefitinib resistance, strategies like the development of third-generation EGRF-TKIs and combinatorial therapeutic regimen are applied in clinical practice.[@cit0039] However, gefitinib resistance has never been completely resolved. The new strategies for the treatment of NSCLC harboring EGFR mutations and those under gefitinib resistance are needed urgently.

Several components of JB, such as *Platycodon grandiflorum, Scutellaria baicalensis* and *Glycyrrhiza Uralensis* were recently reported to suppress tumor growth in NSCLC.[@cit0040]--[@cit0043] Yet, the direct effect of JB has not been confirmed. In this study, we firstly demonstrated that JB effectively inhibited the proliferation of gefitinib-sensitive PC-9 cells and gefitinib-resistant PC-9/GR, H1975 cells with similar sensitivity. Additionally, we observed significant cell death induced by JB in live/dead staining assay and wondered whether the death was due to apoptosis. Apoptosis, also called programmed cell death, is a physiological process that controls cell death when DNA damage is not repaired thus protecting tissue homeostasis.[@cit0044] Inhibition of apoptosis is regarded as an important step in lung cancer genesis, allowing infinite proliferation of cancer cells.[@cit0045] Standard platinum-based chemotherapy and EGFR-TKIs target therapy kill lung cancer cells at least partially through activating apoptotic signal pathway. Recently studies suggested that the decreased apoptotic response to EGFR-TKIs occurred in resistant NSCLC cells.[@cit0046] Thereby, induction of apoptosis is a promising strategy to eradicate NSCLC cells and even to overcome gefitinib resistance. In the present study, JB induced cell apoptosis in a dose-dependent manner with the increased protein expression of active caspase3. Caspase3 is a key executioner of caspase involved in two major apoptotic pathways, the intrinsic pathway (or mitochondrial pathway) and the extrinsic pathway (or death receptor pathway). Apart from caspase3 being cleaved, the mitochondrial pathway is also featured as cytochrome c releasing from mitochondria following by combining with Apaf-1 and procaspase9 to produce active caspase9, thus cleaving procaspase3 into active caspase3 and triggering apoptosis.[@cit0047] Accumulating evidence has shown that ROS function as promoter of cytochrome c releasing from mitochondria in the Bax-dependent intrinsic apoptotic pathway.[@cit0048] Our results showed that JB increased the protein level of cleaved-caspase9. Meanwhile, JB decreased the cytochrome c protein level in mitochondria and induced accumulation of ROS production in NSCLC cells, indicating that mitochondrial apoptotic pathway was active.

The Bcl-2 family proteins, including pro-apoptotic proteins, such as Bax, Bad and Bak, and anti-apoptotic proteins, such as Bcl-2, Bcl-xl and Mcl-1, regulate the mitochondrial disruption.[@cit0049] Pro-apoptotic proteins like Bax and Bak act as promotors of mitochondrial pathway. When receiving stimulation, Bax and Bak translocate into mitochondrial membrane and increase mitochondrial out membrane permeabilization, leading the release of cytochrome c and caspase cascade activation.[@cit0050] Additionally, anti-apoptotic proteins act as suppressors by blocking the release of cytochrome c. It has been reported that Bcl-2 could directly decrease the mitochondrial membrane permeabilization by binding with the voltage-dependent anion channel 1 (VDAC-1), an outer mitochondrial membrane protein.[@cit0051] Thereby, induction of Bax translocation into mitochondria and inhibition of Bcl-2 mitochondrial translocation are two strategies to induce mitochondria-mediated apoptosis. To explore the mechanism underlying JB induced apoptosis in PC-9, PC-9/GR and H1975 cells, we investigated the protein level of Bcl-2, Bcl-xl, Mcl-1, Bax and Bak in the mitochondria. The results showed that JB increased the expression of Bax while decreased Bcl-2 expression in the mitochondria. However, Bcl-xl, Mcl-1 and Bak protein level in mitochondria were not changed significantly, indicating that decrease in Bcl-2 and subsequent increase in Bax but not Bcl-xl, Mcl-1, Bak is important for JB's activity. In addition, confocal microscopy suggested that Bcl-2 translocation to mitochondria increased in response to JB treatment.

EGFR is the most common mutated oncogenic gene in NSCLC patients and is crucial for the survival of tumor. PI3K/AKT and MAPK signal pathways are two important pathways downstream EGFR, regulating cell growth, apoptosis and metabolism by phosphorylating a series of substrates in NSCLC. The reactivation of EGFR and the two pathways was found in EGFR-TKIs-therapy-resistant patients.[@cit0052]--[@cit0054] Concurrently, our previous studies have found that PI3K/AKT and MAPK signal pathways were reactivated in PC-9/GR and H1975 cells even under the pressure of gefitinib, which suggested that the reactivation of PI3K/AKT and MAPK signal pathways was partially leading cells to become resistant to gefitinib.[@cit0055],[@cit0056] Additionally, Integrin beta 1 and miR-200c over-expression were also reported in PC-9/GR cells, which related to the activation of PI3K/AKT and MAPK signal pathways.[@cit0021],[@cit0057] So we detected the effect of JB on EGFR, PI3K/AKT and MAPK signal pathways. Results showed that JB could directly inhibit AKT and ERK phosphorylation in a dose-dependent manner while had no effect on the expression of total AKT and ERK in PC-9 and H1975 cells. However, in PC-9/GR cells, JB could only inhibit AKT and ERK phosphorylation significantly while slightly inhibited EGFR phosphorylation. These interesting phenomena revealed that the mechanism of JB's anticancer effect in PC-9/GR cells was different from gefitinib.

PI3K/AKT signal pathway was reported to block cell apoptosis by phosphorylating Bad.[@cit0058] Recently, studies showed that MAPK signal pathway affects the Bcl-2 protein expression.[@cit0012] In order to uncover the role of PI3K/AKT and MAPK signal pathways on JB induced apoptosis, we combined JB with the inhibitor of AKT (LY294002) and ERK (SCH772984) respectively. Results showed that LY294002 and SCH772984 synergized with JB to induce apoptosis in PC-9, PC-9/GR and H1975 cells, as well as inhibiting the level of p-AKT and p-ERK and increasing the level of cleaved-caspase3 and cleaved-caspase9. These findings indicated that PI3K/AKT and MAPK signal pathways were vital upstream targets for JB induced mitochondria-mediated apoptosis.

The mechanisms of gefitinib resistance have been identified, including T790M mutation, Epithelial-mesenchymal transition (EMT) and bypass signal pathways reactivation, but resistant NSCLC cells are largely still dependent on EGFR signaling.[@cit0038],[@cit0059] It is a potential therapeutic strategy to develop methods to enhance gefitinib sensitivity in NSCLC cells. In this study, we found that JB synergized with gefitinib to inhibit cell proliferation and induce apoptosis in PC-9, PC-9/GR and H1975 cells. Thus, adjuvant therapy of JB could be a potential strategy to overcome gefitinib resistance in NSCLC.

However, in the present study, we roughly just assessed the overall roles of JB in NSCLC cells, while lacking in vivo work and organoid work. It is important for further work to be done before JB being used in clinical practice to assess this feasibility.

Conclusion {#s0005}
==========

In conclusion, we demonstrated that JB inhibited cell growth both in gefitinib-sensitive and gefitinib-resistant cells. JB could induce mitochondria-mediated apoptosis by inhibiting the activation of PI3K/AKT and MAPK signal pathways. Additionally, JB could also synergize with gefitinib to inhibit NSCLC cell proliferation and induce apoptosis ([Figure 6](#f0006){ref-type="fig"}).Figure 6Possible molecular mechanisms involved in JB induced apoptosis in NSCLC cells. JB regulates PI3K/AKT and MAPK signal pathways by inhibiting AKT and ERK phosphorylation. Then, the Bcl-2 translocated away from mitochondria while Bax translocated into mitochondria, leading to mitochondria membrane permeable increasing, along with ROS production raising. Next, cytochrome c releases from mitochondria into cytoplasm, where it combines with pro-caspase9 and apoptosis protease activating factor-1 (Apaf-1) to produce active caspase9 (cleaved-caspase9). Active caspase9 cleaves pro-caspase3 to active caspase3 (cleaved-caspase3) and triggers apoptosis in PC-9, PC-9/GR and H1975 cells.
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